Nucleoside diphosphatases have been detected in a wide range of plant tissues, and in a number of cellular fractions (5, 10). It is generally suggested that the enzyme functions to remove UDP or GDP formed by glycosyl or other transferases involved in polysaccharide formation in order to favor the synthetic reaction. Photosynthetic sucrose formation in leaves is also thought to
weight form (UDPase II, about 58 kilodaltons) was markedly less sensitive to ATP inhibition (Ii-= 2.7-3.0 millimolar). Subsequent purification of UDPase I by ion-exchange chromatography on DEAE cellulose produced a lower molecular weight enzyme (about 74 kilodaltons by gel ffltration) that had reduced ATP sensitivity similar to UDPase IL Ion-exchange chromatography of UDPase II did not alter molecular weight or ATP sensitivity. UDPase II, after the DEAE-cellulose step, was specific for nucleoside diphosphates. Maximum reaction velocity decreased in the following sequence; UDP > GDP > CDP. ADP was not a substrate for the enzyme. The reaction catalyzed was hydrolysis of the terminal-P of UDP to form UMP. The enzyme was stimulated by Mge and the pH optimum was centered between pH 6.5 and 7.0. In a survey of various species, soybean cultivars had highest activities of apparent UDPase and other species ranged in apparent activity from 0 to 30 micromoles hydrolyzed per milligram chlorophyll per hour.
A heat-stable proteinaceous factor was identifed in desalted crude leaf extracts that increased ATP sensitivity of the partially purified enzyme. Apparently, during purification a dissociable factor, that is required for maximum sensitivity to low concentrations (<1 millimolar) of Mg.ATP, is lost from the enzyme.
Nucleoside diphosphatases have been detected in a wide range of plant tissues, and in a number of cellular fractions (5, 10) . It is generally suggested that the enzyme functions to remove UDP or GDP formed by glycosyl or other transferases involved in polysaccharide formation in order to favor the synthetic reaction. Photosynthetic sucrose formation in leaves is also thought to ' Cooperative investigations of the North Carolina Agricultural Re- involve a glycosyl transferase reaction (sucrose-P synthetase) which catalyzes the formation of sucrose-P + UDP from UDPglucose + fructose-6-P. The reaction is essentially irreversible but is inhibited by the reaction product UDP (1, 2). The possible role ofnucleoside diphosphatases in sucrose formation has not received much attention.
Previously, Huber (7) reported that the leaf enzyme sucrose-P synthetase could be assayed in leaf extracts from several species by measuring the formation of either sucrose-P (plus sucrose) or UDP. However, in extracts of fully expanded soybean leaves, formation of UDP could not be detected. In preliminary experiments, it was verified that the crude extracts rapidly hydrolyzed the UDP formed to UMP. To assess the possible role of UDPase2 in sucrose biosynthesis, some characterization of the enzyme was needed. Consequently, the objectives of the present study were to partially purify and characterize apparent UDPase activity from fully expanded soybean leaves in terms of substrate specificity and regulatory properties.
MATERIALS AND METHODS
Enzyme Extraction and Purification. Nodulated soybean plants were grown in a greenhouse. Mature, fully expanded leaves were ground in a mortar (25 g/200 ml) in a medium containing 25 mM Tris-HCl (pH 7.5), 4 mM MgCl2, and 0.5 mm EDTA (Buffer A) containing 2% PEG-20, and 5 mm DTT. After filtration through Miracloth,3 the extracts were centrifuged at 38,000g for 15 mi.
Before assay of UDPase activity in crude extracts, an aliquot of the supematant was desalted by passage through a Sephadex G-50 column equilibrated with 25 mm Hepes-NaOH (pH 7.0) and 4 mM MgCl2, and assayed as described below.
For enzyme fractionation, the crude supernatant was diluted with an equal volume of distilled H20 (4°C) and mixed with 30 g (wet weight) of DEAE cellulose (preequilibrated with Buffer A). After stirring for 10 min, the slurry was filtered. The 10 mM MgCl2, and 20 units/ml pyruvate kinase. After incubation for 15 min at 37'C, each tube received 150 ,ul 0.1% 2,4-dinitrophenylhydrazine in 2 M HCI. After 5 min at room temperature, 0.2 ml 10 N NaOH and 0.5 ml ethanol were added. The tubes were mixed and A520 measured.
RESULTS
Occurrence of UDPase in Leaves. A number of species, including several soybean varieties and other legumes, were surveyed for the occurrence of UDPase activity in crude, desalted extracts obtained from fully expanded leaves. High activities (100-200 ytmol UDP hydrolyzed/mg Chl-h) were observed in all the soybean varieties tested ('Tracy,' 'Davis,' and 'Ransom'). Wheat 'Oasis' had significant activity (30-40 jzmol UDP hydrolyzed/mg Chl * h), whereas leaf extracts of the cultivar 'Blueboy' had 10-fold lower levels of activity. Extracts of peas and beans also had some activity (5-10 ,umol UDP hydrolyzed/mg ChlMh), whereas peanuts, tobacco, and spinach did not contain detectable levels of activity. The enzyme activity in soybean and wheat 'Oasis' leaf extracts was not pelleted by centrifugation at 130,000g for 90 mi.
The enzyme activity in extracts of soybean 'Ransom' leaves was characterized further.
Changes in ATP Sensitivity During Purification. The UDPase activity in crude desalted soybean leaf extracts was inhibited by ATP. As shown in Figure 1 , 50% inhibition of enzyme activity was produced by about 0.30 mM Mg:ATP. Almost complete inhibition was observed at 1 mm Mg:ATP (Fig. 1 ). Reactions were strictly linear with time at the concentrations of ATP tested, which indicated that ATP inhibition of UDPase activity in crude extracts was not the result of phosphorylation of UDP to UTP. Inhibition of enzyme activity by Mg:ATP was followed during the purification sequence.
Chromatography of a soybean leaf extract on Sephadex G-150 separated two distinct peaks of enzyme activity (Fig. 2) (DEAE)-UDPase II] were rechromatographed on Sephadex G-150. (DEAE)-UDPase II was found to elute at the same volume as previously (160 ml; data not shown) suggesting that the enzyme had not changed in apparent mol wt. Rechromatography of (DEAE)-UDPase I on Sephadex G-150 yielded a single peak that eluted at a new position, with an apparent mol wt by gel filtration of 74,000 (data not shown).
In contrast to the marked inhibition by Mg:ATP of (G-150)-UDPase I prior to DEAE chromatography (Fig. 2, inset and Fig.   3 , curve A), the enzyme after DEAE chromatography [(DEAE)-
UDPase I] was inhibited significantly by only high concentrations of Mg:ATP as was observed for (DEAE)-UDPase II (150 = 3.0 mm, Fig. 3, curve B) . A similar sensitivity to Mg:ATP was observed for (DEAE)-UDPase II (I0 = 3.0 mM, Fig. 3, curve C) .
After gel filtration and ion-exchange chromatography, the two forms of UDPase activity (I and II) had been purified about 20-and 35-fold, respectively, and the overall yield was about 25%.
Characterization of Partiafly-Purified UDPase. (DEAE)-UDPase II was characterized because this form constituted the major portion of the total activity and was also the most highly purified. The reaction catalyzed by (DEAE)-UDPase II was hydrolysis of the terminal phosphate group of UDP to form UMP + Pi (Table I ). Similar reaction rates were obtained when the utilization of UDP was measured by TLC separation of the nucleotides or when remaining UDP was measured by the colorimetric assay used routinely in this study. The UDP lost was accounted for by a stoichiometric increase in UMP (and presumably Pi). No UTP was observed at any time, and there was no detectable increase in the trace ofuridine that was present initially.
The pH profiles for enzymic activity of (DEAE)-UDPase I and II were broad and identical over the range of pH 5.5 to 8.0 (data not shown). Maximal activity was centered between pH 6.5 and . 2) ; B, UDPase I after gel filtration and ion-exchange chromatography; C, UDPase II after gel filtration and ion-exchange chromatography. Reaction mixtures were heat killed, supplemented with 10 mm EDTA, and spotted on cellulose plates. The plates were developed for 1.5 h in propyl acetate:90% formic acid:H20 (11:5:3). Nucleotides were identified by UV absorbance. Spots containing compounds were scraped into 2 ml 10 mm phosphate buffer (pH 7.0). After 2 h at room temperature, the A260 of the solution was measured (4). with 4 mM MgC12. Substrate specificity of partially purified (DEAE)-UDPase II was determined with mono-, di-, and triphosphate nucleosides of uridine, adenosine, guanosine, cytosine, and inosine by TLC separation of reaction products as described in Table I . None of the monophosphates was metabolized. Of the triphosphates, a slow hydrolysis of GTP and ITP was observed (<10%o of the rate with UDP). Of the nucleoside diphosphates assayed at a concentration of 0.7 mm, relative activity decreased in the following sequence: UDP (1.0) > GDP (0.60) > IDP (0.31) >> CDP (0.07). No activity was observed with ADP. In addition, the preparation was free of nucleoside diphosphate kinase (assayed with UDP + ATP) and nucleoside monophosphate kinase (assayed with UMP + ATP). Consequently, the enzyme preparation showed a high degree of specificity for UDP and was not contaminated with other nucleoside metabolizing enzymes.
As described above, the total UDPase activity in crude leaf extracts and (G-150)-UDPase I were inhibited strongly by low concentrations of ATP, and upon purification, ATP sensitivity was reduced. Forms of the enzyme differing in ATP sensitivity were compared in terms of substrate affinity and the type of inhibition caused by ATP. The apparent Km(UDP) for (G-150)-UDPase I and (DEAE)-UDPase II were 0.11 and 0.12 mm, respectively. Regardless of the magnitude of inhibition caused by ATP, the type of inhibition was mixed competitive-noncompetitive (data not shown).
Evidence for an ATP-Sensltivity Factor in Crude Extracts.
During purification of UDPase, a form ofthe enzyme was resolved that was significantly less sensitive to ATP inhibition than was total activity in the crude extract. It is possible that the enzyme lost a dissociable factor, because a factor required for high sensitivity to ATP was found in crude leaf extracts. The ATP-sensitivity restoring factor was stable in crude leaf extracts heated to 85°C. Addition of increasing amounts of a heattreated (sufficient to eliminate all UDPase activity) crude extract to (DEAE)-UDPase II had no effect on enzyme activity in the absence of ATP, but permitted progressively increased inhibition by 0.75 mM Mg:ATP (Fig. 4) . Similar results were obtained with (DEAE)-UDPase I (data not shown).
Pretreatment of a heat-treated leaf extract with protease destroyed the ability of the extract to restore ATP-sensitivity to (DEAE)-UDPase II. Figure 5 shows the effects of varied trypsin digestion times of a heat-treated crude extract on the activity of Figure 6 shows the (NH4)2SO4 fractionation pattem of the factor. The various fractions obtained were dialyzed to removed salt and tested for effects on (DEAE)-UDPase II activity in the presence and absence of 1 mm Mg:ATP. The UDPase alone was inhibited about 15% by 1 mM Mg:ATP, and the inhibition was increased to about 59% by the unfractionated leaf preparation (first and second columns, respectively, Fig.  6 ). As shown, none of the salt fractions had a significant effect on UDPase activity in the absence of ATP, but it is apparent that the factor responsible for increased ATP sensitivity tended to precipitate at higher (NH4)2SO4 concentrations. The greatest effect was 
DISCUSSION
High activities of UDPase have been observed in extracts of mature leaves of soybean and certain wheat cultivars. In crude extracts of soybean leaves, enzyme activity was strongly inhibited by ATP (Fig. 1) . After purification by gel filtration and ionexchange chromatography, two apparent forms of the enzyme were resolved that had reduced sensitivity to ATP (Fig. 3) .
UDPase I, which exhibited strong ATP sensitivity after gel filtration, apparently lost a dissociable factor on ion-exchange chromatography, which resulted in decreased Mg:ATP sensitivity (Fig.  3 ) and decreased mol wt (from 199 to 74 kd). The initial DEAE batch elution step (0.5 M KCI) did convert UDPase I from the high to low mol wt form. Apparently, as the salt concentration was reduced in the gel fitration step, the high mol wt form was regenerated. In contrast, UDPase II was stable in terms of mol wt (about 58 kd) and did not change in ATP sensitivity. However, the UDPase activity in a crude (desalted) leaf extract was almost completely inhibited by low concentrations of ATP (<1 mM; Fig.   1 ), which suggested that in crude extracts, both forms (I and II) were ATP sensitive. Evidence was obtained for the presence of a factor in leaf extracts that conferred ATP sensitivity to both forms of partially-purified UDPase (I and II) but otherwise had no effect on enzyme activity. The factor was heat-stable (Fig. 4) , and apparently proteinaceous based on sensitivity to trypsin (Fig. 5) and precipitation with ammonium sulfate (Fig. 6) . Apparently, crude leaf extracts contain sufficient amounts of the factor so that total UDPase activity in a crude extract is almost completely inhibited by low concentrations (<1 mm) of Mg:ATP (Fig. 1) .
Hence, in situ the enzyme may be strongly regulated by ATP.
Our results are analogous in many ways to the recent findings of Furuya and Uyeda (3, 4) , that ATP inhibition of rat liver phosphofructokinase changed during purification. They observed loss of an 'activation factor' during purification that prevented the inhibition of enzyme activity by high concentrations of ATP. Their preliminary results suggested that the activation factor may be a polysaccharide (3-4 kd) that could bind tightly to protein(s) to give a higher apparent mol wt (3) . The regulatory factor identified in the present study appears to be different from the factor which interacts with phosphofructokinase, but the striking similarity is that two dissociable 'factors' have been identified which affect only the regulation of enzyme activity by ATP.
Other nucleoside diphosphatases have been characterized. Hatch (6) reported a UDPase from sugar cane stem with substrate specificity similar to that observed in the present study with soybean leaves. Regulation by ATP was not, however, determined. The function of the enzyme was postulated to involve prevention of reverse reactions of enzymes such as sucrose synthase. Regulation of nucleoside diphosphatases by ATP has been identified in animal tissues. ATP is a competitive inhibitor of the microsomal enzyme from rat liver (8) , whereas ATP stimulated the bovine microsomal enzyme (12). Hence, regulatory properties of the enzyme may vary considerably depending on the source of enzyme. In the cases above where ATP inhibition was observed, relatively high concentrations of ATP (3-4 mM) were required to give 50% inhibition of the partially purified enzyme, and regulatory properties of the enzyme in crude extracts were not determined.
The physiological significance of this enzyme and its subcellular localization in mature leaves are unknown. The neutral pH optimum (6.5-7.0), Mg2+ requirement, substrate specificity, and regulatory properties suggest an extra-vacuolar localization, perhaps in the cytoplasm. Consequently, a role in photosynthetic sucrose biosynthesis seems plausible. Sucrose formation occurs in the cytoplasm of the mesophyll cell and is thought to be controlled, in part, by the enzyme sucrose-phosphate synthetase (7, 11) , which appears to be rate limiting. The enzyme from Viciafaba cotyledons (2) and corn leaves (1) is inhibited by the reaction product UDP. Consequently, sucrose formation might be greater when the cytoplasmic UDP pool is kept at a low level. Maintaining a low level of UDP may also be important to prevent breakdown of sucrose by the reversible enzyme sucrose synthase which is also present in mature leaves. The steady-state UDP pool size will reflect the balance between its formation (during sucrose synthesis) and utilization. UDP may be utilized by the combined action of UDP kinase (to form UTP) and UDPase (to form UMP), and the relative action of each enzyme may be controlled by the ATP level. High cytoplasmic ATP would favor UTP formation, because ATP is a substrate in the kinase reaction and ATP would inhibit UDPase activity. At low concentrations of ATP, however, formation of UTP would be reduced, but UMP formation might be increased as a result of lessened inhibition of UDPase activity. In either case, the UDP pool would be kept at a low level. Whether the cytoplasmic UDP pool in leaves is regulated as described is not known. The postulated regulation by ATP of UDP metabolism seems inefficient, because when the ATP concentration is low (and UDPase activity is increased), more ATP would be required to reform the UTP needed for UDPG pyrophosphorylase. Also, if UMP was phosphorylated in steps (UMP --UDP -* UTP), the potential for a futile cycle involving UMP phosphorylation and UDP hydrolysis (at the expense of ATP) would be present. 
